ABSTRACT To reveal differences in virulence among strains of Salmonella enterica serovar Pullorum (S. Pullorum), we used 2 cell-based infection models and a chicken embryo infection model in this study. S. Pullorum strain S06004 was used to infect 4 different avian cell lines (HD-11, DF-1, LMH, DT-40), and the results showed that the infection of S06004 in both LMH and HD-11 cells was more stable than in DF-1 and DT-40 cells. Therefore, the HD-11 and LMH cell lines were used as the appropriate macrophage and epithelial cell models, respectively, to study the infection of S. Pullorum. Fifty strains isolated during the years 1962 to 2010 were then analyzed to compare their infection rates in HD-11 and LMH cells. The result showed that the infection rates of most strains were very similar to that of S06004, except for S9876 which displayed the highest infection rate among these strains. Based on the cell infection results, 10 strains were selected to be used in the chicken embryo infection model. Sixteen-day-old SPF chicken embryos were infected with the pathogen at a dose of 10 3 CFU/100 μL via allantoic cavity inoculation. The strains C79-13, 7101, and S06013 caused death of more than 80% embryos, whereas S09C12 and 6703 resulted less than 20% death. Thus, this study established cell-based infection models to screen S. Pullorum strains in vitro, and a chick embryo model to evaluate their in vivo virulence.
INTRODUCTION
Salmonella enterica serovar Pullorum (S. Pullorum) is the causative agent of Pullorum disease (PD) in chicken and can cause host-specific acute sepsis characterized by white diarrhea (Barrow and Neto 2011) . It mainly infects chickens <20 d old, and is associated with high morbidity and mortality (Rettger 1909) . Although many developed countries have reported that they have eliminated S. Pullorum, it is still found in small poultry flocks because wild birds can carry the pathogen and it is difficult to achieve comprehensive testing and disinfection in intensive breeding (Barrow and Neto 2011) . In China and other developing countries, PD remains an important infectious disease, greatly endangering the intensive breeding industry and causing huge economic losses (Barrow and Neto 2011; Penha Filho et al. 2016; Xie et al. 2017) .
The pathogenic mechanism of S. Pullorum is not fully understood due to its perplexing host specificity, and it has been difficult to obtain good results using the murine models. Until now, only a few chicken cell-based models have been used in studies on this pathogen including the avian macrophage HD-11 and MQ-NCSU cell lines (Withanage et al. 2005; de Freitas Neto et al. 2013) , the primary chicken kidney cells, which are considered epithelial cells (Setta et al. 2012) . Currently, most studies are focused on its pathogenesis and vaccines against PD, whereas research on virulence comparison of multiple strains from different resources is rarely reported. Therefore, this study focused on a comparative analysis of 50 strains isolated from 1962 to 2015 in China using cell-based and chicken embryo infection models. 
MATERIALS AND METHODS

Bacterial Strains and Growth Condition
Fifty strains of S. Pullorum isolated from different areas in China and preserved in our lab were used in this study; of these, 9 strains were isolated in 1960s, 4 in the 1970s, 6 in the 1980s, 7 in the 1990s, 16 in the 2000s, and 8 in the 2010s. Information regarding these strains is shown in Table 1 . All the strains were preserved in LB medium with 15% glycerol at -70
• C, and then recovered on LB agar at 37
• C and cultured for 24 h. The day before cell infection or chicken embryo inoculation, a single colony was picked and inoculated in LB broth and cultured at 37
• C overnight with the shaking speed at 180 rpm.
Determination of Cells Used in Cell-based Infection Models
The avian macrophage cell line HD-11 (Beug et al. 1979) and the hepatocellular carcinoma cell line LMH (ATCC CRL-2117) (Kawaguchi et al. 1987) were used from stocks preserved in our laboratory and were cultured in DMEM (Hyclone) with 10% FBS (CLARK). The chicken embryos fibroblast cell line DF-1 (ATCC 203 ) and the B cell line DT-40 (ATCC CRL-2111) were obtained from Shanghai enzyme research Biological Technology Co., Ltd., and cultured in DMEM and RPMI 1640 (Gibco) with 10% FBS (CLARK), respectively. The cells were cultured at 37
• C in a humidified atmosphere containing 5% CO 2. HD-11, DF-1, and LMH cells were seeded at 4 × 10 5 , 2 × 10 5 , and 2 × 10 5 cells per well in 24-well plates, respectively. The cells were allowed to grow overnight to form monolayer cells with 80 to 90% confluence. DT-40 cells were cultured in suspension at 10 5 cells per well and cultured for 24 h before infection.
For bacterial infection assays, cells were infected by S. Pullorum S06004 at a multiplicity of infection of 10:1, and the plate was centrifuged for 10 min at 1,000 rpm. The infection was allowed to proceed 1 h, and the cells were washed twice with PBS immediately to remove extracellular bacteria. Non-internalized bacteria were killed by added fresh medium containing 100 μg/mL gentamicin for 1 h. Finally, 1 mL 0.1% Triton X-100 was subsequently added into each well to lyse the cells for 5 min. The lysates were then serially diluted 10-fold and plated on LB agar. Each cell was infected by S06004 in triplicate wells, and the experiments were repeated 3 times. The infection rate was calculated using the formula (intracellular bacteria number/initial bacteria number added to the well) × 100%.
Infection Ability of 50 S. Pullorum Isolates to Avian Cells
According to the results of determination on cells used for cell infection assay, the avian epithelial cell line LMH and macrophage cell line HD-11 were selected to compare the infection ability of 50 S. Pullorum isolates. The cell infection assay was performed as described above. The infection ability of 49 strains to both cells was compared to that of S06004, whose infection rate in both cells was set as a baseline of 1.
Chicken Embryo Infection Models
The SPF and HY-Line chicken embryos were incubated until they were 16 d old in a constant temperature incubator at 37
• C and 40 to 60% humidity. Bacteria were grown to a density of 1.0 by OD600 and diluted to an estimated 10 3 CFU, which were then injected into the allantoic cavity of embryos with a syringe. Ten chicken embryos were used for the virulence analysis of each strain. The growth of each embryo was observed by using an egg candle every 24 h for 5 d until the birth of chicks. To confirm the virulence of each strain, an additional repeat was conducted by using the same infection models with 20 chicken embryos for each strain.
Statistical Analysis
All data were displayed as mean ± standard error of the mean values, and multiple t-tests were performed to analyze the data with pairwise analysis. The P-value less than 0.05 was considered statistically different. All analyses were performed using GraphPad Prism software version 7. 
RESULTS
Infection Ability of S. Pullorum S06004 in Avian Cells
Four avian cell lines, HD-11, DF-1, DT-40, and LMH, were selected for cell-based infection models. To evaluate the infection of different S. Pullorum strains, the infection rates of S06004 in the 4 chicken cell lines were first measured to establish baselines. As shown in Figure 1 , the infection rate of S06004 in HD-11, DF-1, DT-40, and LMH cells was 1.15, 0.37, 0.43, and 0.85%, respectively. DF-1 and DT-10 were eliminated because of the low infectivity in the cell-based infection model. Because LMH and HD-11 cells, which were the epithelial cells and macrophages, respectively, showed stable infection rates, they were chosen as appropriate cell models to analyze infection by S. Pullorum strains.
Comparison of infection by S. Pullorum isolates in LMH and HD-11 cells
The infection rate of S06004 in HD-11 or LMH cells was set as a baseline value of 1, and the relative infection rate of every other strain was calculated as a ratio between its infection rate and that of S06004 (Figure 2) . The results showed that the infection rate of 50 strains in HD-11 cells could be divided into 2 categories ( Figure 2B ): (1) approximately 92% of the strains showed infection rates very similar to that of S06004, and (2) 4 strains showed infection rates twice that of S06004, comprising the strains 7101, B8605, S9804, and S9876; the infection rate of S9876 was nearly 6 times that of S06004. In LMH cells, 94% of the strains showed infection rates very similar to that of S06004, and only S08026, S9876, and 1306 showed infection rates twice that of S06004 ( Figure 2A) . As in HD-11 cells, S9876 showed the highest infection rate in LMH cells.
Comparison of S. Pullorum Strain Virulence in the Chicken Embryo Model
Based on the results of cell-based infection assays, 10 isolates (S06004, 6703, 7101, C97-13, 6201, 6803, S06013, S08C7, S9876, S9847, and S09C12) out of 50 were used in the chicken embryo model to evaluate their in vivo virulence. Among these 10 strains, S06004 and 7101 belonged to the degenerate lineage II based on whole genome sequencing typing analysis (Xie et al. 2017) , whereas the other 8 strains belonged to lineage I. Sixteen-day-old SPF chicken embryos were infected with a dose of 10 3 CFU/100 μL Salmonella via allantoic cavity inoculation. Death of the embryos was then monitored and measured every 24 h with the following results (Table 2; Figure 3) .
On the 17th day, there was one death each detected among the 7101, C79-13, and S06013 groups, with the overall death rate reaching 80, 90, and 80%, respectively. Beginning with the 18th day, the chicken embryos died in succession. Embryos infected with 6201, 6803, S06004, S09C12, and S08C7 began dying on the 18th day, and embryos with S9876 and S9847 began dying on the 19th day. However, there were no deaths among embryos infected with 6703 until the 21st day. The death rate of embryos infected with S06004, 6703, and 7101 was lower than 50%, whereas 5 strains (6803, 7101, C79-13, S08C7, and S06013) displayed death rates over 70%, especially C79-13 which induced death of 90% of the embryos. Based on the above results, the virulence difference of 6 strains (6703, C79-13, S06004, S09C2, S06013, and S9876) was further confirmed by an additional repeat with 20 chicken embryos for each strain. The results of the repeat were similar to the initial results, which the death rate of embryos infected by 6703 and S09C12 was 20 and 30%, respectively, and was lower than that of S06004 (50%) and S9876 (55%), whereas 79-13 and S06013 induced 95 and 85% death of the embryos, respectively (Figure 4) . However, the results of virulence evaluation on 16-day-old HY-Line chickens showed that all the strains induced death in more than 60% of the embryos (Supplementary Tables S1; Supplementary Figure S1 ), which made comparison of strain virulence difficult.
DISCUSSION
S. Pullorum is a host-restricted serotype of Salmonella, only causing diseases in birds. Most previous studies have focused on the pathogenesis of S. Typhimurium, which is a host-ranged serotype, using mice or mammalian cells as models. Because S. Pullorum shows very weak infection in mammalian cells and mice, it is very important to establish suitable cell-based or animal models to evaluate virulence of this pathogen. Until now, very few avian cell lines are available for studies on S. Pullorum; MQ-NCSU, an avian macrophage line, has been found to show cells were compared at an MOI of 10:1. The infection rate of S06004 in both cell lines was set as a baseline of 1, and the other strains were compared to S06004 as follows: ">1" represents an infection rate stronger than that of S06004, whereas "<1" represents an infection rate weaker than that of S06004.
higher infection rates of this pathogen than murine macrophages (Withanage et al. 2005) . However, few epithelial cells have been developed to evaluate infections. In this study, we created an epithelial cell-based infection model in addition to a reported macrophage model for S. Pullorum infection. Both cell lines were derived from poultry including LMH, a chicken liver epithelial cell line (Kawaguchi et al. 1987) . The infection rate in LMH cells was higher than that in chicken fibroblast cells, supporting the observation that the liver is involved in proliferation and dispersion of S. Pullorum in vivo (Wigley et al. 2001 ). The infection rates in the human epithelial Caco-2 cell line and the HeLa cell line were found to be much lower than in LMH cells, implying host specificity of the pathogen to poultry (unpublished observation). In contrast to MQ-NCSU, which is derived from spleen macrophages infected with Marek's virus, the HD-11 cell line is derived from bone marrow cells infected with myelocytomatosis virus (Beug et al. 1979; Qureshi and Hagler 1992) . Both these macrophage-like cell lines have been used to study S. Enteritidis infection, and the number of bacteria infecting the MQ-NCSU cell line was found to be higher than that infecting the HD-11 cell line, but the relative number of bacteria present in MQ-NCSU was lower than that in HD-11 cell line between 4 and 12 h post-inoculation. In addition, the MQ-NCSU cell line was able to eliminate more Salmonella than the HD-11 cell line at 48 h after inoculation (Kramer et al. 2003) . Using the LMH and HD11 cell line as cellbased models, we identified one strain, S9876, showing the strongest infection. 2  0  0  6  60%  6703  0  0  0  0  1  1  10%  6803  0  2  1  3  1  7  70%  7101  1  2  1  4  0  8  80%  C79-13  1  4  3  1  0  9  90%  S06004  0  3  1  0  0  4  40%  S09C12  0  2  0  0  0  2  20%  S08C7  0  7  0  0  0  7  70%  S06013  1  0  3  4  0  8  80%  S9876  0  0  2  2  2  6  60%  S9847  0  0 Pullorum strains used to inoculate 16-day-old SPF chicken embryos were displayed in the figure. The number of dead-in-shell embryos was counted every day after inoculation and the death rate was determined until the date of chick birth. Embryos inoculated with PBS and those without inoculation were considered negative control groups. The experiment was performed twice. Pullorum strains was evaluated in chicken embryo infection model. Twenty 16-day-old SPF chicken embryos were used for each strain, and the negative control group was the inoculated with PBS. The death rate was calculated every day by the dead-in-shell embryos to the total number of the chicken embryos until the date of chick birth.
In this study, we used 16-day-old SPF chicken embryos to assess virulence of the S. Pullorum isolates, based on the previously described use of HY-Line chicken embryos . However, the HYLine chicken embryos were reported to be quite sensitive to S. Pullorm, leading to >60% death in the chicken embryos due to all the 10 isolates (Supplementary  Table S1 ), preventing differentiation of strains with low and high virulence. In our study, we were able to detect strains with low virulence which caused 10 to 20% death rate in the embryos, and high virulence strains induced 80 to 90% death in the embryos.
Based on analysis of the genome sequence of S. Pullorum isolates, they can be divided into 2 main clusters: the common lineage I and the degenerate lineage II (Xie et al. 2017) . In this study, 8 strains from lineage I showed differing virulence including C79-13 with the strongest virulence and S09C12 with extremely low virulence. Although there were a few strains belonging to lineage II, their virulence was also quite variable including the high virulence of strain 7101 and the intermediate virulence of strain S06004. Therefore, we speculate that the virulence of S. Pullorum isolates is not dependent on their phylogenic relationships identified based on core genome SNPs.
In conclusion, using a combination of cell-based models and a chicken embryo infection model, we were able to identify S. Pullorum strains with high infection rate in host cells and those with strong virulence in chicken embryos. These models can be used to screen virulence and infection rates of S. Pullorum isolates or to evaluate other Salmonella serotypes infecting poultry.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S1 . Death rates of 16-dayold HY-Line chicken embryos infected with different S. Pullorum strains. Supplementary Table S1 . Evaluation of virulence of S. Pullorum isolates to 16-day-old HY-Line chicken embryos.
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